We investigate the electrical transport properties of narrow titanium ͑Ti͒ wires which are anodically oxidized through a resist mask. At temperatures below 1.2 K the current-voltage characteristics of the resulting Ti/TiOx nanostructures exhibit a zero-current state, characteristic of the Coulomb blockade. The blockade region can be modulated by a capacitively coupled gate electrode. The observed experimental features can be explained in terms of a single electron tunneling model of a multi-island device.
I. INTRODUCTION
Single electron and Coulomb blockade effects 1 in metal and semiconductor nanostructures have attracted much interest in the past decade. In particular a considerable amount of research has focussed on possible applications of single electron effects as potential candidates to replace or supplement the established semiconductor based electronics. 2 The operation of single electron devices, however, is restricted to the temperature range where the charging energy is sufficiently large such that thermal fluctuations can be neglected. The charging energy scales inversely with the dimensions of the device, and in order to achieve room temperature operation, nanofabrication techniques with a resolution of 10 nm and below are needed. At present these requirements are beyond the capabilities of conventional electron beam ͑EB͒ lithography. Therefore, alternative fabrication techniques and approaches are sought after.
In this article we report transport measurements on narrow Ti wires which have been thinned by local anodic oxidation through a mask. 3, 4 The devices have no explicit tunnel barriers and yet the current-voltage (I -V) characteristics exhibit, at low temperatures, features characteristic of series arrays of small tunnel junctions: the current-voltage characteristics display strong nonlinearities around zero bias, which can be weakly modulated by a capacitively coupled gate electrode. Similar transport properties were reported in narrow indium oxide wires 5 and silicon wires. 6 Various methods have been used to fabricate titanium single electron devices. [7] [8] [9] [10] The technique of anodic oxidation of Ti surfaces using a scanning tunneling microscope ͑STM͒ tip provides an experimental route to create oxide barriers with nanometric dimensions. With STM nanooxidation a single electron transistor operational at room temperatures was achieved. 10 In contrast to this type of technique, we present here experimental work where the anodic oxidation is used to reduce the dimensions of prefabricated nanostructures on the length scale of a few micrometers. The control of the actual size and structure of such spontaneously formed devices is quite difficult, and the transport behavior may also depend on the intrinsic properties of the titanium oxide.
II. FABRICATION AND ANODIZATION
The process of anodization refers to the oxide growth that takes place when a material is submerged in an electrolyte and is biased anodically with respect to a counter electrode. If, for example, the material titanium is anodically biased, the oxidation of Ti to titanium dioxide (TiO 2 ) will proceed. Electrochemical processes of this type have frequently been used to fabricate tunnel junctions by means of oxidation of prefabricated ͑barrier͒ structures. 11, 12 As regards the reduction of device dimensions beyond the limits of EB lithography, the technique has been successfully used for the miniaturization of conventional Al/Al 2 O 3 /Al single electron transistors. 13, 14 In our experiments we utilized the local anodization technique with a resist mask which was investigated by Henning et al. 3 for the fabrication of niobium single electron devices. We used standard 7ϫ7 mm Si chips with a 1 m thick layer of SiO 2 as substrates. Optical lithography was employed to manufacture gold bonding pads and leads to a 160ϫ160 m large center area. The fabrication of the Ti/ TiOx wires in the center area consisted of three main steps which are schematically illustrated in Fig. 1 . As the first step the Ti wires ͑10 m long, 100 nm wide, and 30 nm thick͒ were fabricated in a two layer resist using EB lithography. After complete liftoff a new layer of resist ͑2 m thick͒ was applied which was exposed in a second step of EB lithography. The subsequent development opened an approximately 3 m wide window above the Ti wire and a gold contact isolated from the Ti pattern ͓Fig. 1͑b͔͒. This gold contact was used as the counter electrode ͑cathode͒ for the anodization. The integrated cathode near the wire had the advantage that only a small drop of electrolyte needed to be placed above the resist window to make up the electrochemical cell. The Ti wire could then be oxidized by applying a dc voltage between the Ti and the gold pad. The concurrent change of the resistance could be detected with a lock-in amplifier ͓Fig. For the experimental work described in this article we exclusively utilized acetic acid ͑diluted 3:1 with deionized water͒ as the electrolyte. Prior to anodization the Ti samples were tested and all wires displayed a sheet resistance in the range of 200-270 ⍀/sq. For the anodization a drop of electrolyte was placed on a chip, and the voltage was carefully ramped starting from 0 V. The resistance of the wires was observed to steadily increase as a function of time when the anodization voltage exceeded 2 V. The rate of change of the resistance was proportional to the applied voltage. The anodization process could be terminated by setting the anodization voltage to zero and rinsing the chip with deionized water. We found, however, that a slow change in resistance could be observed for many hours after the anodization.
In Figs. 2 and 3 we show examples of the anodic oxidation of Ti wires. The total resistance of the wire is plotted as a function of the anodization voltage and time. It can be observed that the rate of change in resistance is correlated to the changes in the applied voltage ͓Fig. 2͑a͔͒: the increase of the anodization voltage by 1 V causes an increase in the rate of the resistance change which gradually becomes smaller as a function of time. The anodization process for the wire in Fig. 2 was stopped when the total resistance reached 30 k⍀. The resistance continued to increase for many hours after the anodization ͓Fig. 2͑b͔͒. We also show the anodization curve for a wire which was anodized to a higher resistance (R ϭ300 k⍀) ͑Fig. 3͒. Initially, the resistance of this wire was observed to vary in a similar fashion as a function of the applied voltage as described in Fig. 2 . The anodization voltage was then kept constant at ϳ6 V for a period of approximately 5 min and the resistance was seen to increase at a rate of approximately 50 k⍀ per min. In this regime the oxidation could again be controlled by adjusting the anodization voltage ͑Fig. 3͒.
The above described behavior can be qualitatively understood in terms of the simple picture of an oxide film being grown at the interface between the Ti and the electrolyte. 15 The applied voltage sets up an electrostatic field in the oxide ͑or increases the field already present͒ which produces a con- tinued oxide growth by causing oxygen ions to diffuse through the film. The observed dependence of the resistance on voltage and time is then plausible. So far we have not investigated the thickness and the composition of the produced oxides.
In our experiments we have been able to use the anodic oxidation to reliably fabricate Ti/TiOx wires with a final ͑to-tal͒ resistance up to 500 k⍀. It was of obvious interest to examine the behavior of highly resistive samples (R у1 M⍀). But at higher resistances the oxidation was frequently observed to vary exponentially as a function of time so that control of the process was more difficult. In addition the results started to depend on the intrinsic properties of the individual sample. Preliminary experiments on such samples showed Coulomb blockade-like current-voltage characteristics at room temperatures but so far the stability and reproducibility has been unsatisfactory. In this article we restrict ourselves to discussion of the behavior of wires with a total resistance between 30 and 500 k⍀.
III. TRANSPORT MEASUREMENTS
The transport measurements were carried out in a Oxford Instruments sorption pumped He-3 refrigerator with a base temperature of ϳ0.26 K. The sample holder was thermally anchored at the He-3 pot of the cryostat. The chip was mounted onto a commercially available adaptics 16 ͓com-monly used to convert small outline integrated circuits ͑ICs͒ to a dual-in-line format͔ which could be directly plugged into a dual-in-line socket on the sample holder. Using the adaptics as a chip carrier had the advantage of being much less expensive than the standard ceramic and gold-pad chip carrier. Electrical connections to the nanostructures were established with 25 m thick gold wires which were ultrasonically bonded to the contact pads of the carrier and the gold pads on the chip. The Oxford Instruments fitted constantan wiring was employed to pass the electrical signals without additional filtering to the top of the cryostat.
A box of home made room temperature electronics was utilized to measure the current-voltage characteristics in a symmetric voltage bias configuration. 17 The biasing and readout electronics consisted essentially of a standard threeopamp instrumentation amplifier where the feedback resistor could be adjusted to set the current sensitivity. An additional differential amplifier was used to measure the voltage across the sample. The amplified current and voltage signals were read with two Keithley multimeters which were synchronized with the voltage source used to bias the circuit.
At room temperatures all samples showed perfect ohmic behavior. However, as the temperature was decreased below 5 K the I -V characteristics of the devices displayed pronounced nonlinearities around zero voltage bias. For even lower temperatures (Tр1.2 K) the wires showed a sharp zero-current state below a certain threshold voltage. Under higher bias conditions the current was seen to be a linear function of the voltage. The typical dependence of the I -V curves as a function of temperature is illustrated by example in Fig. 4 . Each I -V curve was recorded by sweeping the voltage bias up and down, and measuring the current through the sample. It can be clearly seen that the nonlinearity around zero voltage bias becomes more pronounced and gradually develops into a zero-current state as the temperature is lowered. We note that at some values of the voltage bias the current values corresponding to the two sweep directions differ by a small amount. Biasing the wire at a fixed voltage revealed that the current was randomly switching between different values. The size of these random current jumps was observed to vary significantly as a function of time. Consequently the I -V traces occasionally exhibited strong discontinuities and hysteresis when sweeping the voltage bias in both directions. Such behavior is exemplified in Fig. 5 where we show three selected I -V curves with large and frequent switching events. It can be clearly seen that the system is jumping to and from different current branches of equal slope in the conducting part of the I -V characteristics. This behavior is a strong indication that charge trapping in the Ti/TiOx structure is having a dramatic effect on the conduction of the wire.
Further, we have investigated the effect of a capacitively coupled gate on the transport properties. The gate electrode was formed by a small piece of indium which was placed on the resist mask above the anodized region of the wires. Due to the relatively thick resist mask the gate coupling was weak. The I -V characteristics were continuously modulated by varying the potential applied to the gate. In Fig. 6 we show several I -V traces of the Ti/TiOx wire shown in Figs. 4 and 5 for different gate potentials. It can be seen that the value of the threshold voltage changed by a factor of two as the gate potential was varied between Ϫ2 and ϩ2 V. The previously discussed switching behavior prevented reproducible gate characteristics.
IV. INTERPRETATION
The above described behavior of the Ti/TiOx wires can be interpreted in terms of a Coulomb blockade model.
The I -V characteristics shown in Fig. 4 clearly show features that are characteristic of transport behavior observed in one dimensional arrays of small tunnel junctions. 18 We assume therefore that the anodization of the Ti wires creates a structure of capacitively and multiply coupled grains which acts as an array of tunnel junctions. Bearing in mind the electrochemical nature of the oxidation process it is very likely that the spontaneously formed Ti/TiOx nanostructure contains islands of varying size, charge traps due to incomplete tunnel barriers and parallel conduction paths.
Theoretically, basic properties of such a structure can be modeled in terms of a simple network of tunnel junctions.
The dynamics of complex networks of tunnel junctions are commonly simulated using Monte Carlo methods.
2, 19 We have used here the publicly available program SIMON 20 to calculate the I -V characteristics for the circuit shown in Fig.  7 . The circuit represents incomplete parallel conduction paths where two multitunnel junction charge traps are capacitively coupled to a series combinations of tunnel junctions. The result of the simulation is shown in Fig. 7 , where the current through the array is plotted as a function of the voltage bias. As the voltage is swept up and down, the current jumps at different voltages. The theoretical I -V characteristics therefore follow two different I -V curves corresponding to the different sweep directions. It can be clearly seen that the simulation of this simple circuit reproduces typical features of the experimental Ti/TiOx I -V curves. We therefore assume that the switching behavior observed in our experiments ͑Fig. 5͒ arises due to a large number of charge traps and incomplete conduction paths of the type simulated in Fig. 7 . Fluctuations in the magnitude of the jumps may arise due to the intrinsic properties of the oxide.
The modulation of the current state in the I -V characteristics further indicates the occurrence of single electron tunneling in the Ti/TiOx wires. For a single electron device with a single island, the gate modulation is expected to be periodic with a frequency inversely proportional to the gate capacitance. In such a device the conductance can be maximized such that the blockade is completely lifted. In our Ti/TiOx wires we deal with multiple islands with varying charging energies to which the gate coupling will also vary. Simulations of the I -V characteristics of such structures show that the dependence of the threshold voltage as a function of the gate voltage is weak and aperiodic, 21 as observed in our experiments.
We conclude that the local anodization technique through a resist mask facilitated the controlled oxidation of Ti wires up to resistance of ϳ500 k⍀. The resulting Ti/TiOx devices displayed characteristic behavior of single electron tunneling at low temperatures. Preliminary results indicate that this comparatively simple technique can be utilized to anodize Ti devices to higher resistances with an increased operational temperature.
